Ab Initio Study of the Molecular and Electronic Structure of CoCH2+ and of the Reaction Mechanism of CoCH2+ + H2 by Musaev, Djamaladdin G. et al.
Chemistry Publications Chemistry
11-1993
Ab Initio Study of the Molecular and Electronic
Structure of CoCH2+ and of the Reaction
Mechanism of CoCH2+ + H2
Djamaladdin G. Musaev
Emory University
Keiji Morokuma
Emory University
Kiet A. Nguyen
Iowa State University
Mark S. Gordon
Iowa State University, mgordon@iastate.edu
Thomas R. Cundiari
Memphis State University
Follow this and additional works at: http://lib.dr.iastate.edu/chem_pubs
Part of the Chemistry Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
chem_pubs/244. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Chemistry at Iowa State University Digital Repository. It has been accepted for inclusion
in Chemistry Publications by an authorized administrator of Iowa State University Digital Repository. For more information, please contact
digirep@iastate.edu.
Ab Initio Study of the Molecular and Electronic Structure of CoCH2+ and
of the Reaction Mechanism of CoCH2+ + H2
Abstract
Both CASSCF and MR-SDCI-CASSCF methods have been used with two different effective core potentials
to investigate the molecular and electronic structures of CoCH2+, as well as the mechanism for the reaction
CoCH2+ + H2. Four electronic states of CoCH2+ are very low lying: the ground state is a nearly degenerate
pair (3A2 and 3A1), and the 3B1 and 3B2 states are only 4-8 kcal/mol higher in energy. The binding energy of
C O C H ~ + ( ~ Are~la)t,iv e to that of C ~ + ( ~ F , s l d+~ C)H 2(3B1), is estimated to be 70-80 kcal/mol.
A similar hydrogenolysis reaction mechanism holds for the 3A2 and 3A1 states of the CoCH2+ + H2
reactants: In the first step, the reactants yield an ion-molecule complex, (H2)CoCH2+, stabilized by 8-9 kcal/
mol. Subsequently, the H-H bond is activated, leading to a four-center transition state with an energy barrier
of about 31-34 kcal/mol. An intermediate complex, HCoCH3+, is predicted to be a minimum at the CASSCF
level, but MR-SDCI-CASSCF single-point calculations suggest that this minimum disappears at the higher
level of theory. Following H-H bond cleavage, a CoCH4+ ion-molecule complex is formed, with a
stabilization energy of 19-22 kcal/mol. The CoCH2+ hydrogenolysis reaction is predicted to be exothermic
by 20-30 kcal/mol. The channels leading to formation of CoH+ + CH3 and CoCH3+ + H are endothermic by
about 5-1 2 kcal/mol. The reverse reaction Co+ + CH4 may give only one product, the ion-molecule complex
CoCH4+ at moderate temperatures. An increase in the available kinetic energy would make it possible to
form dissociation products: CoH+ + CH3 and CoCH3+ + H. Although the channel leading to CoCH2+ +
H2 is thermodynamically more favorable, a large barrier prevents it from taking place. Hay-Wadt and Stevens-
Krauss-Basch-Jasien pseudopotentials give qualitatively the same results.
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Both CASSCF and MR-SDCI-CASSCF methods have been used with two different effective core potentials 
to investigate the molecular and electronic structures of CoCH2+, as well as the mechanism for the reaction 
CoCH2+ + H2. Four electronic states of CoCH2+ are very low lying: the ground state is a nearly degenerate 
pair (3A2 and 3A1), and the 3B1 and 3B2 states are only 4-8 kcal/mol higher in energy. The binding energy 
of C O C H ~ + ( ~ A ~ ) ,  relative to that of C ~ + ( ~ F , s l d ~ )  + CH2(3B1), is estimated to be 70-80 kcal/mol. A similar 
hydrogenolysis reaction mechanism holds for the 3A2 and 3A1 states of the CoCH2+ + H2 reactants: In the 
first step, the reactants yield an ion-molecule complex, (H2)CoCH2+, stabilized by 8-9 kcal/mol. Subsequently, 
the H-H bond is activated, leading to a four-center transition state with an energy barrier of about 31-34 
kcal/mol. An intermediate complex, HCoCH3+, is predicted to be a minimum at the CASSCF level, but 
MR-SDCI-CASSCF single-point calculations suggest that this minimum disappears at  the higher level of 
theory. Following H-H bond cleavage, a CoCH4+ ion-molecule complex is formed, with a stabilization energy 
of 19-22 kcal/mol. The CoCH2+ hydrogenolysis reaction is predicted to be exothermic by 20-30 kcal/mol. 
The channels leading to formation of CoH+ + CH3 and CoCH3+ + H are endothermic by about 5-1 2 kcal/mol. 
The reverse reaction Co+ + CH4 may give only one product, the ion-molecule complex CoCH4+ at moderate 
temperatures. An increase in the available kinetic energy would make it possible to form dissociation products: 
CoH+ + CH3 and CoCH3+ + H. Although the channel leading to CoCH2+ + H2 is thermodynamically more 
favorable, a large barrier prevents it from taking place. Hay-Wadt and Stevens-Krauss-Basch-Jasien 
pseudopotentials give qualitatively the same results. 
I. Introduction 
Transition metal terminal alkylidene (or carbene) complexes, 
L,M=CR(R’), have been implicated as intermediates and 
reactive species in a wide range of important heterogeneous and 
homogeneous catalytic reactions. These complexes have been 
the focus of intense experimentall-31 and theoretical32-78 efforts. 
In the literature, these complexes have been divided into two 
classifications (Schrock and Fischer), according to their reactivity 
and the nature of the M=C bond. Complexes that are formed 
by combining low-lying metal configurations with the triplet state 
of CR(R’) have covalent M-C double bonds and are referred 
to as alkylidene or Schrock-type complexes, 
I 
whereas complexes involving singlet CR(R’) are supposed to have 
e Abstract published in Adounce ACS Abstracts, October 15, 1993. 
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donor-acceptor double bonds and are referred to as carbene or 
Fischer-type complexes 
Cundari and G0rdon69-~2 have used multiconfiguration wave 
functions to show that the description of the MC linkage of 
alkylidenes is more complex than a single resonance structure. 
The fundamental description of the MC linkagedepends, of course, 
upon the nature of the metal, ligands, and substituents (R, R’).75 
The distinction between Schrock- and Fischer-type complexes 
lies in their fundamental differences in reactivity. Thus, Schrock- 
type complexes usually take part in nucleophilic reactions7w2 
and function as catalysts for metathesis r e a c t i o n ~ ~ 3 ~ ~  and the 
polymerization of  olefin^?^,^^ On the other hand, Fischer-type 
complexes behave as electrophilic ~ e n t e r s , ~ ~ - 9 ~  with typical 
reactions including Lewis base adduct formation via attack at 
the carbon center and cyclopropanation of olefins.94107 
I 1  , 0 1993 American Chemical Society 
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TABLE I: Active Spaces Used for CASSCF and 
MR-SDCI-CASSCF Calculations of Co+, Hz, CH2, and 
COCH~+ '
svstem orbitals included size 
The rich chemistry of metal-alkylidene (or carbene) complexes 
makes the study of their electronic structures of fundamental 
importance. In this paper, we study the molecular and electronic 
structures of CoCH2+, as well as the mechanism for the reaction 
- Co' + CH, (1) 
CoCH; + H, - CoH+ + CH, (2) 
- CoCH,' + H (3) 
with the use of ab initio electronic structure methods. 
Metal-CHz+ complexes have been synthesized in the gas phase 
via the reactions of laser-generated M+ with ethylene oxide,'08 
M+ + O(CH,), - MCH; + CH,O 
and cycloheptatriene,l@' 
M+ + C-C~HS - MCH; + C6H6 
On the basis of investigations of gas-phase reactions of CoCH2+ 
with various molecules (e.g., alkanes,20J2 olefins,21 H2023), the 
following have been concluded: 1. The energetically favored 
structure of CoCH2+ is Co+=CH2, with the methylene bound to 
the metal.16v23 2. The binding energy, BE(Co+=CH2), is 
estimated to be 84 f 518 or 77.5 f 2.3z4 kcal/mol. 3.  CoCH2+ 
is essentially unreactive with H2 and CH4 but reacts with larger 
alkanes.20-Z2 4. Reaction 1 is exothermic by 25 f 7 kcal/m01,~3 
suggesting that this reaction has a substantial energy barrier. 5. 
The hydridomethyl complex HCoCH3+ probably does not exist 
as a local minimum on the potential energy surface.23 6. The 
only observed product from the reaction Co+ + CH4 is the ion- 
molecule complex C O C H ~ + . ~ ~ O  The binding energy of Co+ + 
CH4 is estimated to be 22.9 f 0.7 kcal/mol.Ill 
TABLE II: (12/10) Active Space for Reactants, Products, Inter 
At this point, we refer to related studies by one of the two 
groups. Musaev, Koga, and Morokuma73 have published a paper 
on the reaction RhCH2+ + Hz - Rh+ + CH4 and its reverse, 
with the Hay and Wadt effective core potential (ECP) and basis 
sets comparable to the present ones, where a brief comparison 
with the present results is also given. For the Rh+ reaction, an 
adjustment has been made to make the calculated energy of 
reaction agree with the experiment. As will be seen later, this 
is not necessary for the Co+ reaction. A systematic comparison 
among these reactions for three metals (Co+, Rh+, and Ir+) has 
also been made.74 
11. Methods of Calculation 
We use threesets of effectivecore potentials and basis functions. 
1. For optimization of geometries, the relativistic effective 
core potentials (RECP) developed by Hay and Wadt (HW)IIZ 
and by Stevens et al. (SKBJ)ll3 have been used. For the HW 
ECP, only the outer 4s3d shells of Co are explicitly considered, 
while 3s and 3p are explicitly considered as well in SKBJ. The 
basis set used with HW is (3~3p5d/2~2p2d)Co,~I2 (9s5p/ 
3s2p)C,I14 and (4s/2s)H.lI4 The basis set used with SKBJ is 
(8s8p6d/4s4p3d) for C O , " ~  together with 6-31G(d)l15 for C and 
H. This is referred to below as approximation I. 
2. To obtain improved energetics, the HW ECP which explicitly 
includes 3s and 3p shellsIl6is used together with (5s5p5d/3s3p3d)- 
Co,l16 (9s5pld/4s2pld)C114 (ad = 0.75),117 and (4slp/2slp)- 
H114 (ap  = l.O).lI7 The same basis set as I is used for SKBJ 
except that an additional set of p functions is added to the 
hydrogens. This is referred to below as approximation 11. 
3. To obtain an accurate value for BE(Co+=CH2), all electron 
calculations were performed with the following basis sets using 
the HW ECP geometries: 
CO: (14sllp5d/8~7p2d)"* + d ( a  = 0.1219)119 + 
f(a = 1.5l2') 
c: ( 9 ~ 5 ~ / 4 ~ 2 p ) l l ~  + s ( ~  = 0 . 0 2 3 ) ~ ~ ~  + p(. = 0 . 0 2 1 ) ~ ~ ~  + 
2d(a = 0.75, 0.015)"' 
H:  (4s/2s)'14 + s(a = 0.075)'17 + p(a  = l.O)Il7 
This is referred to as approximation 111. 
Geometries for all systems considered here were optimized at 
the complete active space self-consistent field (CASSCF) level 
of theory, using the GAMESS program.12l For energetics, these 
multiconfigurational wave functions were augmented by per- 
forming a contracted configuration interaction (CI) calculation 
in which single and double excitations from the CASSCF wave 
function are included. These MR-SDCI-CASSCF calculations 
were performed with the MOLPRO package.122 
The CASSCF active spaces used for the various species are 
summarized in Tables I and 11, with the notation based on the 
coordinate system defined in Figure 1 I In the following discus- 
-mediates, and Transition States of Reaction 1' 
svstem orbitals included 
CoCH2+ + H2, H ~ C O C H ~ + ,  
HCoCH3+, TSZ(CH4 elim.)b 
CoCH4+ 
CoCH2+ (10/8) = 3a1 lbl la2 2b2 4a1 5a1 6al 2b1, 
(Co-H, bond) (Co-C, bond) (C-H, bond) (Co-H, antibond) (Co-C, antibond) 
Co+ (8/6) = bl(dxz) b2(dyz) a2(dxy) al(dX,) al(dzrz-xx-yy) al (4, CH4 (4/4) = two C-H 
TSl(H2 addition) H2 (2/2) = 7al(H-H bond) 3bz(H-H antibond) 
(C-H, antibond) + two (la2 2b2) lone-pair d-orbs. + two (4a15a1) singly occupied orbs. 
bonding and antibonding orbs. 
a The (8/8) active space is obtained from (12/10) by excluding two lone-pair d-orbitals. The (10/8) active space for HCoCHp+ includes all these 
orbitals and electrons, except C-H bonding and antibonding orbitals. In the case of TS2 (CH4 elim.), one lone-pair d-orbital becomes a bonding orbital 
between Co, C, and H (which swiches from C to Co) atoms. The (8/6) active space, which has been used to optimize the geometry of CoCH4+, includes 
only valence electrons and orbitals from Co+. 
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Figure 1. The coordinate system used for CoCH2+ and CH2. 
sions, the notation ( m / n )  denotes m electrons and n orbitals in 
the active space. Within C, symmetry, both (8/6) and (8/8) 
active spaces were used for Co+. The first of these includes all 
(sand d) valence electrons and orbitals, while the second includes 
also the vacant d orbitals having same orbital symmetry as a 
doubly occupied d orbitals. For both CH2 and H2, a (2/2) active 
space was used: 3al and lbl for CH2 and ug(or al) and u,(or bl) 
for H2. Three active spaces were used for the CoCH2+ complex: 
(A) (6/6), includes the bonding and antibonding a1 and bl C d  
orbitals and electrons, as well as the singly occupied Co+ electrons 
and orbitals; (B) (10/8), in addition to the active space in A, this 
includes the lone-pair d, and dyz orbitals and electrons; and (C) 
(lO/lO), in addition to the active space in B, this includes the 
vacant d, and dyr orbitals. 
To examine the PESs for reaction 1, the following procedure 
was used. For optimization of minima and transition states, a 
"chemically reasonable" active space was employed; MOs 
corresponding to bonds, which are well described at the single 
determinant level of theory and which are not directly involved 
in the current step of the reaction, were excluded from the active 
space. The (12/10) active space, constructed from the CoCH2+ 
(10/8) active space and the H2 (2/2) active space, was used for 
optimization of the geometry of dihydrogen complexes (H2)Co- 
CH2+ and transition states corresponding to the H-H activation 
process. For the geometry optimization of the HCoCH3+ 
complexes and the transition states TS3, corresponding to the 
CH4 elimination process, the (10/8) active space, in which the 
C-H bonds are excluded from the above (12/10), was adopted. 
Similarly, for the CoCH4+ complexes, the (8/6) active space 
including only the valence electrons of Co+ was used. Once the 
stationary points on the PES were determined, the energetics 
were recalculated by using the (1 2/ 10) active space. The dynamic 
correlation effects were included by using the MR-SDCI method 
based on the (8/8) active space, in which the lone-pair d electrons 
and orbitals were excluded. 
The geometries of CoH+ and CoCH3+ have been optimized by 
using a (9/7) active space, which includes all valence electrons 
and orbitals from Co+, Co-H, and Co-C bonding and antibonding 
orbitals, respectively. This is consistent with the (10/8) active 
space for HCoCH3+. The MR-SDCI-CASSCF calculations for 
the energies of the processes 
HCOCH,' - CoH+ + CH3 (4) 
HCOCH; - CoCH,' + H ( 5 )  
have been carried out with the CASSCF( 10/8) reference wave 
function, which includes (9/7) and (1 / 1) active spaces for CoH+ 
(or CoCH3+) and CH3 (or H), respectively, at dissociation limits. 
TABLE IIk Total (in hartree) and Relative (in kcal/mol) 
Energy of 3F(d*) and SF(s1d7) States of Co+, Calculated at 
Various Computational Levels 
comDutationa1 level 
HF/II (HW) 
CASSCF(8/6)/I (HW) 
CASSCF(8/8)/1 (HW) 
CASSCF(8/6)II (HW) 
CASSCF( 8/6)/II (SKBJ) 
CASSCF(8/8)/II (HW) 
MR-SDCI-CASSCF(8/6)/11 (HW) 
MR-SDCI-CASSCF(8/6)/II (SKBJ) 
MR-SDCI-CASSCF(8/8)/II (HW) 
experiment123 
Average over J .  
-EM 
'F(d*) sF(sld7) 
143.8503 143.8900 
29.1647 29.1932 
29.2183 29.2081 
143.8526 143.8896 
143.9533 144.0031 
143.9389 143.921 1 
143.9998 143.9928 
144.0871 144.0926 
144.0077 143.9948 
- - 
"I 
5F-'F 
-24.9 
-18.1 
-23.2 
-3 1.2 
1 1 . 1  
4.4 
-3.5 
8.1 
9.9" 
- 
6.4 
The binding energies for the following processes: 
CoCH: - Co+ + CH, (6) 
(7) (H2)CoCH2+ - H, + CoCH; 
CoCH4+ - Co+ + CH4 ( 8 )  
as well as for (4) and ( 5 )  were calculated as energy differences 
between the corresponding equilibrium structures and dissociated 
"supermolecules" (Co+--CH2, H2.-CoCH2+, Co+-.CH4, HCo+-- 
CH3, and H.-CoCH3+) at the interfragment distance of 15.0 A 
by adding a polarization f& function into set I1   CY^ = 1.5Olm). 
HI. Results and Discussion 
1. CoCHz+. As noted in section I, deuterium-exchange 
experiments suggest that the most stable structure for CoCH2+ 
is Co+=CH2, with themetaldirectly bound tocarbon. Therefore, 
this is the only structure of CoCH2+ considered in the present 
work. The present structure of CoCH2+ consists of two (Co+ and 
CH2) fragments, from which we start our discussion. 
Co+. According to experiment,l23 the ground state of Co+ is 
3F(d*), with the SF(sld7) lying just 9.9 kcal/mol higher in energy. 
As shown in Table 111, both the HartreeFock and CASSCF(8/ 
6) levels of theory, with both ECPs, reverse the order of these two 
electronic states. When CI is added, both (8/6) and (8/8) active 
spaces predict the correct order of the two electronic states with 
the HW ECP, while the order is still reversed with the SKBJ 
ECP. In general, better quantitative agreement with experiment 
is obtained for calculations using HW ECP. However, one should 
note that more accurate descriptions of the relative energies of 
lower-lying electronic states of first-row transition metal atoms 
and cations require more flexible basis sets including diffuse d 
and polarization f functi0ns.12~ Our purpose here is to test the 
ability of the HW and SKBJ ECPs and basis sets to describe the 
low-lying states of Co+. 
CHz. Methylene has been the subject of a large number of 
inve~tigations.l25J2~ It isnow clear that the3Bl( ... allbll) ground 
state of CH2 is only 9.02 f 0.01 kcal/mol lower than the IAI 
(...a12b10) ~tate.1~5 High-quality ab initio calculations126 predict 
a singlet-triplet splitting (9.1 1 kcal/mol) that is ingoodagreement 
with the experimental observation. As seen from Table IV, at 
the CASSCF(2/2)/II level of theory (here we used double-f 
Huzinaga-Dunning + polarization basis set, see above), this 
splitting is overestimated by a factor of 2 (Table IV). When the 
corresponding MR-SDCI-CASSCF calculation is done, the 
predicted splitting is reduced to 12.4 kcal/mol. 
CoCH2+. Five low-lying electronic states of CoCHz+ (3A1, 
3A2,3Bl,3B2,and 'Al) have beeninvestigated. TheCASSCF(lO/ 
8)/I geometries and relative energies for these five states are 
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TABLE I V  Calculated Geometries and Energies for *Al and 3B1 States of CHI 
Musaev et al. 
'Ai 'BI 
calculation level and refs r(C-H) (A) LHCH (deg) Ma (kcal/mol) r(C-H) (A) LHCH (deg) Etot (au) 
CASSCF(2/2)/I(HW) 1.105 105.29 23.2 1.073 130.37 -38.913 60 
Bauschlicher et a1.126 1.110 102.10 9.1 1.079 133.70 0.0 
CASSCF(2/2)/II(HW)b - - 18.1 - - -38.924 41 
MR-SDCI-CASSCF( 2/2) /II(H W)b - - 12.4 - - -38.930 80 
experimentl2S - - 9.02 f 0.01 1.077 133.40 0.0 
0 AJ3 energy difference between ground 3B1 and excited ]AI states of CH2. At CASSCF(2/2)/I(HW) geometry. 
TABLE V Geometries and Energies of Different Electronic States of CoCH2+, Calculated at Various Computational Levels1 
(10/8) active space (10/10) active space 
MR-SDCI- MRSDCI-  
state ECP R(Co-C) (A) r(C-H) (A) LHCH (deg) CASSCF/I CASSCF/II CASSCF/II CASSCF/II CASSCF/II 
)Al HW 1.945 1.076 118.3 1.3 1.4 -1 83.0296 -182.9378 -1 83.0393 
SKBJ 1.907 1.080 117.5 - 1.3 -183.1 298 -183.0243 -183.1371 
3A2 HW 1.93 1 1.076 117.7 -68.1700 -182.8815 1.4 1.6 0.9 
SKBJ 1.894 1.080 117.0 - - I  82.9960 -1.4 7.6 2.0 
'AI HW 1.789 1.077 122.0 30.7 32.5 26.4 13.2 27.6 
SKBJ 1.793 1.090 120.6 - 37.1 27.5 21.5 29.5 
SKBJ 1.898 1.080 116.2 - 4.2 3.7 -1.2 4.1 
SKBJ 1.898 1.080 116.2 - 4.2 4.9 10.4 6.3 
SKBJ 44.1 69.2 52.6 72.7 
0 Geometries have been calculated at CASSCF( 10/8)/I(HW) and CASSCF( 10/8)/II(SKBJ) levels. Total energies (italic, in hartrcc) are given 
only for reference states and relative energies (in kcal/mol) for other states, relative to the reference states. BE is binding energy of CO+(~F)  =
CH2(3B1). The results obtained by using all electron basis set I11 are given in parentheses. The MR-SDCI-CASSCF(lO/8)/II(HW) + fa method 
for BE gives 80.3 kcal/mol. 
'BI HW 1.973 1.076 117.2 5.6 9.2 8.1 - - 
3B2 HW 1.974 1.076 117.2 5.6 4.3 7.7 6.1 - 
BE HW 64.5 (67.4)b 78.1 (82.1)b 
TABLE M: Natural Orbital Occupancies of hinci a1 
Configurational State Functions and Their Weights h r  the 
Low-Lying 1A1, 3A1, )A2, JB1, and jB2 States of CoCH2+, 
Calculated at CASSCF( 10/8)/I(HW) Level1 
state 3al lbl la2 2b2 4al Sal 2bl 6a1 weight,% 
'AI 2 2 2 2 2 0 0 0 72.0 
2 0 2 2 2 0 2 0 8.4 
1 1  2 2 2 1 1  0 4.3 
2 2 0 2 2 2 0 0 2.2 
0 2 2 2 2 0 2 0 3.6 
0 0 2 2 2 2 2 0 1.0 
3A1 2 2 2 2 1 1 0 0 82.0 
2 1 2  2 1 1  1 0  2.9 
2 0 2 2 1 1  2 0 4.3 
3A2 2 2 1 2 2 1 0 0 66.0 
1 2  1 2  2 1 0  1 1 . 0  
2 1 1 2 2 1 1 1 4.8,7.8 
1 1  1 2  2 1 1  1 1 . 5  
2 0 1 2  2 1 2  0 1 3 . 0  
3BI 2 2 1 1 2 2 0 0 65.6 
2 1 1 1 2 2 1 0 6.3, 2.2, 6.3 
2 0 1 1  2 2 2 0 1 2 . 2  
3B2 2 2 2 1 1 2 0 0 69.0 
2 0 2 1 1  2 2 0 1 0 . 2  
2 1 2 1 1 2 1 0 9.0,4.0 
1 1  2 1 1  2 1 1  1.4 
"Only configurations with weight of not less than 1.0% are shown. 
listed in Table V. The results predicted by the two ECP methods 
are quite similar. The only significant geometry difference 
between the methods occurs for the Co-C bond length in the 
triplet states, which is consistently predicted to be shorter by 
0.044.07 A by SKBJ. The geometries for the four triplet states 
are similar, with the Co-C distance in the range 1.90-1.97 8, and 
the HCH angle in the range 1 17-1 18O. The singlet has a shorter 
bond length (1.79 A) and larger HCH angle (121-122O). 
It is interesting to compare the structure of the CH2 moiety 
in thecomplex with that of freemethylene. The C-H bond length, 
which varies very little among the five states listed in Table V, 
is very slightly longer than that of 3Bt CHI and 0.03 A longer 
than that of 'Al methylene, calculated at the same level of theory. 
TABLE W: Active Natural Orbital Occupation Numbers 
and Co and CH2 Contributions. to Them for Varieties of 
States of CoCH2+, Calculated at CASSCF( 10/8)/I(HW) 
Level 
state 3a1 lbl la2 2b2 4a1 Sal 2b1 6a1 
'AI, total 1.818 1.706 1.935 1.987 1.933 0.277 0.307 0.037 
Co 0.987 1.100 1.935 1.977 1.753 0.202 0.133 0.031 
)A1, total 1.908 1.531 1.919 1.918 1.082 1.001 0.551 0.091 
Co 0.772 1.066 1.919 1.913 1.056 0.979 0.201 0.056 
3A2, total 1.914 1.534 1.011 1.989 1.987 1.004 0.475 0.087 
Co 0.752 1.033 1.011 1.985 1.978 0.964 0.188 0.054 
CH2 1.162 0.501 0.000 0.004 0.009 0.040 0.287 0.033 
3BI, total 1.933 1.549 1,005 1.005 1.997 1.972 0.448 0.091 
Co 0.775 1.100 1.005 1.004 1.985 1.856 0.164 0.057 
3B2, total 1.933 1.550 1.993 1.006 1.004 1.971 0.452 0.091 
Co 0.766 1.104 1.993 1.005 1.004 1.863 0.164 0.057 
Co and CH2 contributionscalculated by Mulliken population analysis 
CH2 0.831 0.606 0.000 0.010 0.180 0.055 0.174 0.006 
CHI 1.136 0.465 0.000 0.005 0.026 0.022 0.350 0.035 
CH2 1.158 0.449 0.000 0.001 0.008 0.116 0.284 0.034 
CH2 1.167 0.446 0.000 0.001 0.000 0.108 0.288 0.034 
for each NO. 
The HCH angle in the complex (1 17-122'), depending on the 
electronic state, is roughly halfway between that of singlet and 
triplet methylene. 
The relative energies of the five CoCHz+ states, calculated at 
several different levels of theory, are listed in Table V. The singlet 
state is predicted to be the highest of the five states at all levels 
of theory, with the most extensive calculation, MR-SDCI- 
CASSCF( 10/ lO)/II, predicting 'A1 to be 27.6-29.5 kcal/mol 
above the ground state. The four triplet states are clustered in 
a 6 kcal/mol range. Because they are quite similar in energy, 
their ordering changes as the level of theory is improved. It appears 
that the two lowest states are nearly degenerate, with the and 
3Az states separated by less than 1-2 kcal/mol. The next state 
appears to be 3B2, but this state is nearly degenerate with 3B1, 
about 4-6 kcal/mol above the two lower triplets. Since the 
energetics predicted with MR-SDCI-CASSCF( 10/8)/11 are 
reasonably similar to those obtained a t  the highest, MR-SDCI- 
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Figure 2. Natural orbitals in the active space for the 'AI state of CoCH2+ at the CASSCF(10/9)I(HW) level. Note the difference in the projection 
plane for each orbital. 
TABLE VIII: Relative Energies (in kcal/mol) of Stationary Points on the Potential Energy Surfaces of Reaction 1. 
structure H W  HW SKBJ HW SKBJ 
CASSCF(lZ/lO) CASSCF(I/ 8) MR-SDCI-CASSCF(8/8) 
3A" State 
H2 + CoCH2+ 0.0 0.0 0.0 0.0 0.0 
( H ~ ) C O C H ~ +  -9.8 -5.8/-6.W -5.5 -7.7/-8.1 -8.4 
HCoCH,+ -23.5 -19.7 -1 9.2 -20.5 -23.4 
TSZ(CH4 elim.) -17.9 -14.5 -13.5 -21.9 -20.8 
CO+ + CHI -41.0 -39.41-30.0 -30.9 -27.3/-20.0 -23.9 
TSl(H-H,add.) 23.6 30.7 29.4 25.8 25.9 
CoCH4+, Cb -5 1 .O -48.41-45.0 -39.6 -55.5/-41.4 -45.6 
HCO+ + CHI 2.2 4.8 8.2 9.1 
H + COCH,' 3.2 4.0 11.0 12.0 
H2 + CoCHz+ 0.0 (-2.6)d 0.0 (-5.3) 0.0 0.0 (3.5) 0.0 
TS1 (H-H,add.) 28.0 (25.4) 27.4 (32.7) 26.1 23.7 (27.2) 22.1 
'A' State 
( H ~ ) C O C H ~ +  -5.8 (-8.4) -6.2 (-0.9) -5.8 -8.0 (-4.5) -8.6 
HCoCHa+ -18.8 (-21.4) -23.3 (-18.0) -16.9 -21.0 (-17.5) -22.4 
TSZ(CH4 elim.) -15.3 (-17.9) -19.6 (-14.3) -16.5 -25.5 (-22.0) -24.6 
CO+ + CH4 -38.4 (-41.0) -44.8 (-39.5) -36.2 -30.8 (-27.3) -27.7 
CoCH4+, Cb -48.4 (-5 1 .O) -53.4 (-48.1) -44.8 -59.7 (-56.2) 4 9 . 0  
HCO+ + CH3 1.5 5.3 
H + C O C H ~ +  -1 .o 7.7 
,I Geometries optimized in Figure 3 are used. The total energy is -184.022 91, -184.026 80, and -184.089 72 au at the CASSCF(12/lO)/II(HW), 
CASSCF(8/8)/II(HW), and MR-SDCI-CASSCF(8/8)/II(HW) levels, respectively. E The numbers after the slash are with basis set I1 augmented 
with the set of polarization f function (a = 1.50*20) on Co. The total energy of CoCH2+ + H2 is -184.030 42 and -184.104 05 au at the CASSCF(8/ 
8)/(HW) and MR-SDCI-CASSCF(8/8)/(HW) levels, respectively. d The numbers in parentheses are relative energies with respect to the 3A'' state 
of reactant. 
CASSCF(lO/lO)/II, level of theory, the smaller active space comparison, the BE has also been calculated with all-electron 
may be used with some confidence to conserve computational wave functions (set 111). The analogous CASSCF and MR- 
resources. SDCI-CASSCF binding energies are 67.4 and 82.1 kcal/mol, 
The binding energy (BE) for the SA2 state of CoCH2+ also is respectively. So, the ECP and all-electron methods are in good 
listed in Table V. At the CASSCF(10/8)/II(HW) and CASS- agreement, and both predict a large dynamic correlation effect 
CF(10/8)/II(SKBJ) level of theory, BE is predicted to be 64.5 on the calculated binding energy. 
and 44.1 kcal/mol, respectively. The addition of all single and A natural orbital analysis of the five electronicstatesof CoCH2+ 
double excitations from the CASSCF wave function space is presented in Table VI. All configurations which contribute at 
increases this to 78.1 and 69.2 kcal/mol, respectively. At the least 1% to the wave function are included in this table. First, 
MR-SDCI-CASSCF( 10/10)/II(SKBJ) level of theory, BE is note that there is considerable configurational mixing in all of 
predicted to be 72.7 kcal/mol. Inclusion of the polarization fG theseelectronicstates. Thedominant configuration (listed below) 
function increases it further to 80.3 kcal/mol. These data are in each case accounts for only 6642% of the total wave function. 
in good agreement with the experimental values: 77.5 f 2.3 Thus, it is clear that this problem must be treated with 
kcal/mol obtained from ion beam experiments24 and 84 f 5 kcal/ multiconfigurational wave functions. The leading configurations 
mol obtained from a gas-phase dissociation experiment.'* For for the five states are as follows: 
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with 66%, 82%, 69%, 66%, and 72% weights, respectively. The 
3al ( u  bonding between Co+ and CH2) and 1 bl (n  bonding between 
Co+ and CHI) orbitals are doubly occupied in all five electronic 
states. So, the five states differ in the occupancies of the la2,2b2, 
4al, and 5al orbitals. 
As shown in Table VII, except for the identity of the singly 
occupied orbitals, each active natural orbital (NO) is qualitatively 
similar for all the states calculated except for the IA1 state. 
Therefore, we show in Figure 2 only those NOS for the 'Al state. 
The 3al orbital is the nearly homopolar Co-C a-bonding orbital 
consisting mainly of d,, (and s) atomic orbitals (AO) of Co and 
the al(u) molecular orbital (MO) of CH2. The lbl orbital is 
Co-C n-bonding made up of Co d,, A 0  and CH2 bl(a) MO. The 
la2, 2b2, and 4al are lone-pair d, dyr, and d,-, AOs of Co atom, 
respectively. Theorbitals 5al and 2bl are, respectively, Co-C c* 
and n* antibonding orbitals. The 6a1 MO is predominantly the 
5s A 0  of Co. One can correlate the Co-C bond lengths (Table 
V) in the five electronic states with the natural orbital occupation 
numbers (NOON) for the 5al orbital. The 'AI state has only 
0.28 electron in this NO (Table VII) and has the shortest R(Co- 
C). The 3AI and 3Az states have about 1 electron in 5al, and the 
NO bond is stretched by >0.1 A. The 'B1 and 3Bz states have 
nearly 2 electrons in 5al and the longest Co-C bond. 
2. Reaction Mechanism for CoCHz+ + H2. The title reaction 
may proceed via the following channels: 
- Co' + CH, (1) 
CoCH; + H, - CoH' + CH, (2) 
- CoCH,' + H (3) 
The mechanism for reaction 1 has been investigated for the two 
lowest electronic states of CoCH2+: 'AI and 3A2. The geometric 
parameters for the minima and transition states along the 
CASSCF reaction path are depicted in Figure 3. The relative 
energies of the stationary points are illustrated in Table VI11 and 
Figures 4 and 5 for various levels of theory. The mechanisms of 
reactions 2 and 3 have been investigated only for the 3A2 state 
of CoCH2+, because the mechanism for the 'Al state will be very 
similar to that for 3A2. The geometric parameters and the relative 
energies of some products are shown also in Tables IX and X. 
Molecular Structures for Intermediates and Transition States. 
The first step in the reaction is apparently the coordination of H2 
to CoCH2+ to form the (H2)CoCH2+ ion-molecule complex. The 
geometric parameters of this complex, structure I, are given in 
Figure 3 for both electronic states. As seen from this figure, the 
H2 and CH2 moieties are coplanar. The perpendicular CZ, 
structure has one imaginary frequency (171i cm-1 at the 
CASSCF( 12/1O)/I(SKBJ) level) that corresponds to a 1 kcal/ 
mol barrier to rotation of H2 around the Co-X axis, X being the 
center of the H-H bond. In structure I, the H-H distance is 0.76 
A in both states, about 0.02 %I longer than that in free Hz, according 
to both ECP basis sets. Comparison of Table V and Figure 3 
2.390 
{ 1.980} { '1.077' } 
(1.927) (1.078) (11) 
dihedral angle = 1oo.01 
(H2,Co,C,H4) (98.89) 
} VI = 1711.3 I em" for 'A' 
C., TS1 
V I  = (1843.1) I em" for 'A* 
120.65 
(1 20.32) 
dihedral angle.: 
(H*,c,co,H') = 10.1 
(H3,C,Co,H') = -112.8 
(p,C,Co,H') = 131.5 
(57.8) 
'Hb 
( V b )  Cav 
Figure 3. Geometries (distances in A, in angles in deg) of intermediates 
and transition states (TS) for 3A1 and 'A, and 3A2 (in parentheses) states 
of reaction CoCHz+ + H2, calculated at CASSCF/I(HW) and CASSCF/ 
I(SKBJ) (in curly brackets) levels. Arrows indicate the reaction 
coordinate vector for the ,A" state, at the transition-state geometry. 
illustrates the small distortion of the CoCH2+ moiety when it is 
complexed with molecular hydrogen. The Co-C distance actually 
shortens slightly (0.02-0.03 A) upon complexation, the HCH 
angle decreases by 1-2O, and the C-H bond length is essentially 
unchanged. All attempts (using the CASSCF( 10/8)/I(HW) 
method) to locate a minimum corresponding to covalently bound 
(H)2CoCHa+ resulted in the ion-molecule complex, so it may be 
concluded that the former species does not exist on the potential 
energy surface at this level of theory. Thus, is seems unlikely 
that initial activation of H2 by oxidative addition is possible, 
probably due to the high formal oxidation state on Co that this 
would cause. 
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TABLE IX: Geometries of CoCH3+ and CoH+ Molecules and Binding Energies of Co+-CHs HCo+.-CHs Co+-H, and 
H...CoCHs+ Bonds' 
~~ 
COCH~+ ('E) CoH+ ( 4 @ ) b  
property HW SKBJ ref 129 HW(9/7) HW(9/9)' SKBJ ref 128 
R(Co-X) (A) 2.169 2.125 1.934 1.644 1.603 1.626 1.606 
r(C-H) (A) 1.078 1.080 (1.095) 
KOCH (deg) 105.0 105.6 107.5 
BE (kcal/mol) 
HCo+-CH3 22.9 (28.7)' 32.4 CH~CO+-H 21.9 (31.5)' 31.5 
Co+-CH, 35.2 (43.9) 48.6 [48.4Id Cot-H 36.8 (45.3) 44.5 [48.4 * 2Id 
23.0 (30.9)/32.N 22.9 (34.0)/35.4f 
a Geometries of CoH+ and CoCH3+ calculated at the CASSCF(9/7)/1 level and the binding energies at the CASSCF(9/7)/IIf(HW) (MR-SDCI- 
CASSCF(9/7)/IIf(HW)) levels. According to our preliminary CASSCF(9/7)/I(HW) calculations, the zA state lies 11 .O kcal/mol higher. The 
(9/9) active space was obtained from (9/7) by adding virtual d, and dyz orbitals. The experimental value has been given in brackets and taken from 
refs 128 and 129. These are at CASSCF (10/8)/II(HW) (MR-SDCI-CASSCF(lO/8)/II(HW)) level. f These are at CASSCF(lO/I)/IIf(HW) 
(MR-SDCI-CASSCF( lO/B)/IIf(HW)) level. Those after the slash include the Davidson correction.132 
A€,., ( kcaUmol ) 
4 0 . 4  MR-SDCI-CASSCF(W8ylI 
I 
C&HZ'+HI (H&oCb* TS1 HCoCH,' T52 CoCHr' 
( 1 )  (11) (111 )  ( [ V I  ( V )  
Figure 4. Final potential energy profiles of reaction CoCHzt + H2 
calculated at MR-SDCI-CASSCF(8/8)/III(HW) level (see the text for 
more detail). 
AEw ( kcaVmol ) 
MR-SDCl-CASSCF(W8ylI 
30. 
COCH3* ('E) t H 
10. 
0. 
-10. 
20. 
0. CoH+('O) tCH, :I -40. 
-70. 
CoCHg*+H, L-!+- (HdCoCHg' TS1 HCoCHS' TS2 -1-1- CoCHr* 
( 1 )  (11) ( 1 1 1 )  ( I V )  ( V I  
Figure 5. Final potential energy profiles of reaction CoCHz+ + H2 
calculated at MR-SDCI-CASSCF(8/8)/II(SKBJ) level (see the text 
for more detail). 
The next step in the mechanism for reaction 1 is "activation" 
of the H-H bond. This corresponds to the shift of one of the 
hydrogens originally in H2 to the methylene carbon, yielding 
HCoCH3+. The transition state for this process (denoted TSl), 
structure 11, is shown in Figure 3. Note that this is a four-center 
transition state in which both hydrogens of the substrate have 
moved into the region between Co and C. The H-H and Co-C 
TABLE X Calculated Energies of C,, and C3, Structures of 
CoCH4+ Complex 
method 
4" 
Cz, A E m t  
-Etot (aul (kcalholl 
'Az-State 
CASSCF(8/8)/I(HW) 
CASSCF(8/6)/II(HW) 
CASSCF(8/8)/II(SKBJ) 
MR-SDCI-CASSCF(8/6)/II(HW) 
MR-SDCI-CASSCF( 8/8)/II(SKBJ) 
'A1 State 
CASSCF(I/I)/(HW) 
CASSCF(8/6)/II(HW) 
CASSCF(8/8)/II(SKBJ) 
MR-SDCI-CASSCF(8/6)/II(HW) 
MR-SDCI-CASSCF(8/8)/II(SKBJ) 
E(C3") - E(Cz,). 
69.414 91 
184.064 42 
184.213 91 
184.206 62 
184.279 24 
69.415 88 
184.065 95 
184.214 02 
184.206 49 
184.278 73 
0.4 
0.8 
-0.1 
6.4 
6.5 
1.7 
-0.1 
-0.3 
6.3 
6.2 
distances in the transition state have lengthened considerably 
relative to those in the ion-molecule complex. The imaginary 
frequency corresponding to the 3A" state is calculated to be vI = 
171 licm-l a t  the CASSCF( 12/10)/I(HW) level. The associated 
normal mode corresponds to motions of the hydrogens, as 
illustrated in Figure 3. Experimental data127 (such as large kinetic 
isotope effects) for H-H and C-H activation by coordinatively 
saturated, high valent d- and f-block complexes have been 
interpreted as supporting a four-center transition state, with a 
large angle about the hydrogen which is transannular to the metal, 
as seen in Figure 3. 
The geometric parameters for the HCoCH3+complex, structure 
111, are shown in Figure 3. The reaction may proceed from this 
complex via various channels: 1,2, and 3. According to previous 
calculations, the ground states of CoH+ lZ8 and CoCH3+ lZ9 
molecules, which are the productsof channels 2 and 3, respectively, 
are 49 and ZE. In Table IX, we give geometries and relative 
energies of the ground states of these molecules. As seen from 
this table, the Co-H and Co-C bond lengths are very much 
dependent on the level of theory used. At the CASSCF(9/7)/ 
I(HW)/(SKBJ) level, thesedistancesare 1.644/1.626and2.169 
longer, respectively, than results of previous calculations.1z7Jz8 
The CASSCF(9/9)/I(HW) calculations for CoH+ demonstrate 
that to recover these differences we need a larger active space 
and, probably, we need to include dynamic correlation effects. 
As seen from comparison of the geometries of CoH+, CoCH3+, 
and HCoCH3+ molecules (see Table IX and Figure 3, structure 
111, respectively) calculated a t  the CASSCF/I(HW) level, the 
Co-H distance in HCoCH3+ is 0.06 A shorter and 0.01 A longer 
in the 3Arr and the 3A' state, respectively, than that in separated 
CoH+ (4a). At the same time, the Co-C distance for the 3Ar' 
and 3A' states in HCoCH3+ is, respectively, almost the same and 
about 0.04 A longer than that in CoCH3+ (4E). Also note that 
2.125 A, respectively, and are about 0.04/0.02 and 0.24/0.20 1 
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there is essentially free rotation about the Co-C bond in HCoCH3+ 
both in 3A‘‘ and 3A’ states; the barrier to rotation is less than 1 
kcal/mol. Similar results are obtained also with CASSCF/ 
I (SKB J) approximation. 
Channel 1 in the mechanism corresponds to starting with 
HCoCH3+ and migration of H from Co to C to form CoCH4+. 
The transition state for this step (denoted TS2), structure IV, in 
Figure 3 has an imaginary frequency vi = 1004i and 89% cm-1 
at the CASSCF( 10/8)/I(HW) and CASSCF(10/8)/I(SKBJ) 
levels, respectively. Since it has a C1 symmetry, only one electronic 
state, 3A, can be determined with the CASSCF method. 
The geometry of CoCH4+, structure V, is given in Figure 3 in 
both C2, and C3, symmetries. We define Hband Ht to be bridging 
and terminal hydrogens, respectively. The C-Hb and C-Ht 
distances are essentially the same in both symmetries, while the 
Co-Hbdistance is much longer in the C3, than in the Cb structure. 
The HW calculation in Table X shows that the two structures 
are nearly degenerate, and it is difficult to say which of them is 
energetically more favorable. Probably, Co+ can almost freely 
rotate around the CH4 molecule by the pathway (Cb)-(C3,)- 
(C2,)-(Cb)-(C3,)-.... Recently, similar results were obtained 
by Goddard et al. by using the MCPF method with larger basis 
sets.130 However, the SKBJ calculation suggests that the Cz, 
structure is more favorable than C3, by 6-6.5 kcal/mol and that 
Co+ is not likely to rotate around CH4. The structure, in which 
CHI is coordinated to Co+ by only one H atom, lies about 15-16 
kcal/mol higher than the structures shown in Figure 3 and Table 
X at the CASSCF(8/6)/I(HW) level of theory. 
Relative Energies for CoCH2+ + H2 (Reaction I). Table VI11 
shows the relative energies, calculated at the CASSCF( 12/10)/ 
11, CASSCF(8/8)/II, and MR-SDCI-CASSCF(S/S)/II levels 
by using HW and SKJB ECP, of stationary points on the PES 
of reaction 1, whose optimized geometries are shown Figure 3. 
The CASSCF( 12/1O)/II(HW) and CASSCF(8/8)/II(HW) 
methods give relative energies which differ by <7 kcal/mol. 
Therefore, it seems reasonable to include the dynamic correlation 
effects by using the MR-SDCI-CASSCF(8/8)/II method. The 
final results, obtained at the MR-SDCI-CASSCF(S/S)/II level 
by using HW and SKBJ ECP, are shown in Figures 4 and 5, 
respectively. Since it is clear from Table VI11 and Figures 4 and 
5 that the energetics of the two electronic states are quite similar, 
the following discussion concentrates primarily on the 3A”(3A2) 
state. 
First note that the binding energy of H2.-CoCH2+ is predicted 
to be nearly 6 kcal/mol at  the CASSCF(8/8) level of theory, and 
this value increases only slightly to about 8 kcal/mol at the MR- 
SDCI-CASSCF(8/8) level of theory. Inclusion of a set of 
polarization f functions (a = 1 Solz0) to the HW basis on Co only 
deepens the well by 0.2 and 0.4 kcal/mol at the CASSCF(8/8) 
and MR-SDCI-CASSCF(8I8) levels, respectively. The acti- 
vation energy for breaking the H-H bond ((H2)CoCH2+ +TS1 - HCoCH3+) is predicted to be 33.4, 36.5, and 34.9 kcal/mol 
at the CASSCF( 12/ lO)/II(HW), CASSCF@/S)/II(HW), and 
CASSCF(8/8)/II(SBKJ) levels of theory, respectively. Adding 
dynamic correlation from CASSCF(8/8)/II changes the barrier 
only slightly, to 33.5 (HW) and 34.3 (SKBJ) kcal/mol. These 
results provide additional evidence that using the smaller active 
space with a reasonable representation of the dynamic correlation 
is an effective means for predicting reaction energetics in this 
system. The high barrier predicted for this process is in agreement 
with the experimental evidence that CoCH2+ is unreactive with 
The most dramatic effect of adding dynamic correlation is the 
disappearance of theminimum corresponding to HCoCH3+ (with 
the exception of the 3A” state with SKBJ ECP), presumably 
because the transition state is stabilized more than the complex. 
Thus, the highest level of theory employed here suggests that, 
once the initial activation barrier TS 1 is traversed, the formation 
H2.2W22 
of the CoCH4+ complex takes place with no additional barrier. 
On passing, one should note that HCoH+ is also unlikely to exist, 
since in general the barrier to H2 elimination is expected to be 
lower than that for CH4 elimination.131 The binding energy of 
CH4 to Co+ is calculated to be 9.0 (HW) and 8.7 (SKBJ) kcal/ 
mol at the CASSCF(8/8)/II level of theory. It dramatically 
increasesup to28.2 (HW) and 22.3 (SKBJ) kcal/mol by including 
dynamic correlation effects. The dynamic correlation is important 
in describing the ion-induced dipole and the dispersion interactions, 
which should be the main stabilizing forces in this complex. The 
covalent interaction between Co+ and CH4 would also require a 
dynamic correlation effect. Inclusion of a set of polarization f 
function to the II(HW) basis set on Co decreases the bonding 
energy to 21.4 kcal/mol. Thus, the highest level calculations 
with both ECPs are in good agreement with latest experimental 
value, 22.9 f 0.7 kcal/mol.lIl 
The calculations presented here predict that the overall 
exothermicity of reaction 1 is 41.0, 39.4, and 30.9 kcal/mol at 
the CASSCF( 1 2/ 10) /I1 (H W), CASSCF( 8/ 8) /II( H W), and 
CASSCF(8/8)/II(SKBJ) levels of theory, respectively. Addition 
of dynamic correlation at the CASSCF(8/8)/II level of theory 
reduces these values to 27.3 (HW) and 23.9 (SKBJ) kcal/mol. 
Addition of a set of polarization f functions to II(HW) on Co 
decreases it to 30.0 and 20.0 kcal/mol at  the CASSCF(8/8)/ 
IIf(HW) and MR-SDCI-CASSCF(8/8)/IIf(HW) levels of 
theory, respectively. The most reliable levels of theory are 
therefore again in reasonable agreement with the experimental 
observations of 25 f 7 kcal/mol.,3 
Reactions 2 and 3. The mechanisms of reactions 1,2, and 3 
should follow the same path from reactants CoCH2+ + Hz up to 
HCoCH3+ formation. Though HCoCH3+ is not an intermediate 
(potential energy minimum) at the MR-SDCI-CASSCF level, 
it is likely that the system passes through the neighborhood of 
HCoCH3+ and dissociates into CoH+ + CH3 or CoCH3+ + H. 
These parts of the PES of reactions 2 and 3 have been calculated 
by using the ( l o p )  active space both at CASSCF and at MR- 
SDCI levels of theory, which includes (9/7) and (1/1) active 
spaces for CoH+ (or CoCH3+) and CH3 (or H), respectively, at 
the dissociation limit. The (12/10) active space is technically 
difficult, and the (8/8) active space is not acceptable for 
calculations of products. No barrier has been found for both 
dissociation paths, and reactions 2 and 3 are simply uphill from 
As seen from Table IX, the binding energies of CoH+ and 
CoCH3+, calculated at the MR-SDCL-CASSCF( 9/7)/IIf(HW) 
level of theory, are 45.3 and 43.9 kcal/mol, respectively, which 
arein good agreement with experiment and previous calculations. 
The energies of dissociation of H and CH3 groups from HCoCH3+ 
are 21.9, 31.5, 34.0 kcal/mol and 22.1, 28.7, 30.9 kcal/mol, 
respectively, at CASSCF( 10/8)/II(HW), MR-SDCI-CASS- 
CF( 10/8)/11(HW), and MR-SDCI-CASSCF( 10/8)/IIf(HW) 
levels. TheDavidson correction132 increases the MR-SDCI results 
up to 35.4 and 32.0 kcal/mol, respectively. Thus, the addition 
of the second ligand decreases the Co+-.H and Co+.-.CH3 binding 
energies by about 10 kcal/mol. Similar results have been found 
by Rosi et al.L33 for Co(CH&+. As seen from Table VI11 and 
Figure 4, reactions 2 and 3 are 2.2, 8.2 and 3.2, 11.0 kcal/mol 
endothermicat the CASSCF/II(HW) and MR-SDCI-CASSCF/ 
II(HW) levels, respectively. 
The reverse reactions 
HCoCH3+. 
- CoCH,’ + H, (1’) 
Co+ + CH, - CoH+ + CH, (2’) 
(3’) - CoCH3+ + H 
are endothermic about 39.4, 41.8, and 41.6 kcal/mol at the 
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CASSCF/II(HW) level and 27.3,35.7, and 38.3 kcal/mol at the 
MR-SDCI-CASSCF/II(HW) level of theory. At moderate 
temperatures, one expects only one product, the ion-molecular 
complexCoCH4+, which isconsistent with expe.riment.l1° Though 
reaction 1’ may be slightly thermodynamically more favorable 
than reactions 2’ and 3’, reaction 1’ requires a large activation 
barrier and is not likely to take place even at elevated temperatures, 
where reactions 2’ and 3’ should be possible. 
IV. Conclusions 
The following key points may be drawn from the calculations 
presented here. 
1. The ground state of CoCHt+ is a nearly degenerate JA2 and 
3Al pair, and ‘AI is about 26-27 kcal/mol higher. The species 
Co+=CH2 is found to bea stable point on the low-energy potential 
energy surfaces, with a geometry similar to that found in 
coordinatively saturated analogues. The calculations indicate 
that the CH2 is doubly bonded through a UC,,C + TCOC bond. 
2. The binding energy BE(COCH~+(~A~)  - CoY3F,ds) + 
CH2(3BI)) is calculated to be 78-80 kcal/mol, in good agreement 
with the ion-beam (77.5 f 2.3 kcal/mo1)24 and gas-phase 
photodissociation (84 f 5 kcal/mol)18 experiments. This good 
agreement requires a chemically sensible CASSCF to take into 
account nondynamic correlation and to give geometry predictions, 
followed by MR-SDCI-CASSCF to account for dynamic cor- 
relation and to provide reliable energetics. 
3. The reactivity with H2 is very similar for low-lying 3A2 and 
3AI states of CoCH2+. The reaction CoCH2+ +H2 - Co+ + 
CH4 (1) is calculated to be exothermic by 20 (with IIf(HW) and 
23.9 (with II(SKBJ)) kcal/mol, in comparison with the exper- 
imental value of 25 f 7 kcal/mo1.23 In the first step, reactants 
yield an ion-molecule complex (Hz)CoCH2+, with a stabilization 
energy of about 8-9 kcal/mol. Then, the H-H bond activation 
process takes place through a four-centered transition state with 
an activation barrier of about 34 kcal/mol. The resultant complex, 
HCoCH3+, does not exist, which is consistent with the experiment 
of Jacobson and Frei~er.~’ It rearranges without barrier into an 
ion-molecule complex CoCH4+, which is stable relative to the 
dissociation limit C O + ( ~ F , ~ ~ )  + CH4 by 21-22 kcal/mol vs the 
experimentalvalueof22.9 f 0.7 kcal/mol.I1l Thelackofobserved 
chemical reactivity for CoCH2+ with Hz is consistent with the 
predicted high barrier for addition of H2 across the Co=C bond. 
4. The preferred path for H2 activation is found to be 1,2- 
addition of H2 across the Co=C bond (as preferred for early, 
high-valent transition metal complexes) and apparently does not 
involve oxidative addition (as preferred by late, low-valent 
transition metal complexes). 
5. The reverse reaction Co+ + CH4 at moderate temperatures 
may give only one stable product, the ion-molecule complex 
CoCH4+. This is also in good agreement with available exper- 
imental data.Il0 Though the reaction Co+ + CH4 + CoCH2+ 
+ Hz may be slightly more favorable than reactions Co+ + CH4 - CoH+ + CH3 and Co+ + CH4 - CoCH3+ + H, the former 
requires a large activation barrier and is not likely to take place 
even at elevated temperatures, where thelatter should be possible. 
6. The Hay-WadtlI2Jl6 and Stevens et al.113 effective core 
potentials for Co give similar results. 
7. The CASSCF(12/10) and CASSCF (8/8) methods give 
qualitatively similar results for the reaction surface. This means 
that reasonable results can be obtained from a chemically sensible 
theoretical approach. 
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